INTRODUCTION
The concept that growth factors act as autocrine and paracrine regulators of cell growth and differentiation was introduced over a decade ago (Sporn and Todaro, 1980) . Since then significant advances have been made in understanding the regulation of growth factor expression and interaction with high affinity plasma membrane receptors. More recently, structural analysis and in vitro experiments suggest that regulatory mechanisms other than growth factor expression and receptor binding dominate growth factor action. These data demonstrate that most growth factors do not simply diffuse passively from the site of their release to interact with the nearest cell surface receptor. Rather, many of these proteins contain structural features that foster their interaction with other molecules within the extracellular environment. These interactions confine the action of the growth factor to an appropriate place and time. Thus, the specificity of growth factor signaling is derived not only from its binding to cell surface receptors but also through critical interactions with other components of the extracellular environment. In this review we will describe recently appreciated mechanisms involved in the nonreceptor mediated extracellular regulation of growth factor activity.
THE CENTRAL ISSUE: REGULATION OF ACTIVITY
Whereas substantial progress has been made in determining the tissue localization, biological effects, and structure of growth factors, the question of how the activity of these molecules is controlled once the proteins are released from the cell has just begun to be addressed. Many growth factors and their receptors have broad distributions and elicit their biological activities when present at pico-or nanomolar concentrations. The ubiquity and potency of growth factors suggest that forces other than simple diffusion may be required to regulate the stimulation of a discrete population of cells for an appropriate duration by a specific growth factor. In addition, some growth factors are present in plasma and tissues in latent forms at concentrations well above the effective dose of their active counterparts. Regulation of the release of such growth factors from the latent complexes must be critical to the organism to avoid errors in extracellular signaling that could contribute to inappropriate cell growth, differentiation, and function.
REGULATION IN TIME AND SPACE
To elicit an appropriate response, the availability of a growth factor for its cell surface receptor must be regulated in time and space. Two questions arise when considering the issue of regulation in time: 1) what mechanisms initiate growth factor action and 2) what factors control the duration of growth factor activity? The initiation of growth factor activity may be regulated by expression, secretion from the cell, and/or release from a latent complex. Expression and secretion involve intracellular processes and will not be addressed here.
Release from an inactive complex may control the onset of activity of several factors. This mechanism for the initiation of a biological response has been observed in the regulation of other bioactive molecules such as clotting factors. In fact, some of the sequence motifs (e.g., kringle and epidermal growth factor-like repeats) present in surface-activatible clotting factors are also present in growth factors and their binding proteins (e.g., hepatocyte growth factor and the binding protein of latent transforming growth factor-f1) (Kanzaki et al., 1990; Tashiro et al., 1990) . The availability of the reactants that catalyze the release of the active growth factor also effects the duration of growth factor activity because new factor will only be produced in the presence of the activating molecules. In addition, the duration of growth factor action can be controlled both by additional interactions that act directly on the growth factors (e.g., proteases, scavenger molecules, and dilution to substimulatory concentrations) and mechanisms that act on cells to alter their response to growth factor (e.g., molecules that down-modulate the response of a cell to a growth factor and/or cause a decrease in growth factor receptor number).
The evaluation of the regulation of growth factor action in space must consider the question of how a protein is transported to and maintained at a particular location. Mechanisms exist both to maintain certain growth factors at the site of their release and to allow other species to act in locations some distance away from their release. (Massague, 1990) (Baird et al., 1988; Higashiyama, 1991; Raines and Ross, 1992) . Release from these sites often occurs in a regulated manner. For example, the release of bFGF or TGF-a from extracellular matrix and membrane stores can be mediated by specific extracellular proteases (Saksela and Rifkin, 1990; Pandiella and Massague, 1991) . In addition, alternative splicing allows some growth factors to be synthesized in both membrane-anchored and soluble forms (Rathjen et al., 1990; Raines and Ross, 1992) . Once a growth factor partitions into the soluble phase, it can diffuse to act on cells some distance away (Flaumenhaft et al., 1990) . However, its destination is not only dictated by laws of simple diffusion, but also by the affinity of the factor for components of both the aqueous environment (e.g., scavenger molecules) and the matrix. In this manner, structural features of growth factors may target them to destinations other than their cell surface receptors. This regulated localization of growth factors appears to be an essential aspect of their activity.
Analysis of growth factor structures demonstrates that many of these polypeptides occur either as high molecular weight complexes (consisting of the active growth factor and binding protein), as membrane-anchored and/or latent precursors, or in association with matrix proteins. Structural motifs within many of these growth factors interact with specific components of the extracellular environment. These interactions influence the initiation and duration of growth factor activity and direct the localization and targeting of the growth factors. Thus, comprehending the regulation of growth factor action requires knowledge of 1) the binding proteins with which growth factors associate, 2) the precursors from which they are derived, and 3) the matrix components to which they bind. teins. The binding protein may be a separate gene product, as in the case of insulin-like growth factor-binding proteins (IGF-BPs), or a part of the growth factor precursor, as in the case of the transforming growth factor beta (TGF-f) propeptide. In the first example, the synthesis of the binding protein and the growth factor are under separate control, whereas in the second case, the synthesis of both molecules is under the same control. The interaction of the binding proteins with purified growth factors may be specific (i.e., the binding protein will interact only with a single growth factor) or nonspecific (i.e., the binding protein will interact with a variety of growth factors). The potential roles for binding proteins in the extracellular regulation of growth factors are diverse (Hintz, 1990) . They can 1) provide a relatively constant supply of growth factor, 2) alter the action of a factor by either potentiating or inhibiting its activity, 3) protect growth factors from degradation, and 4) potentially target growth factors to specific tissues. A particular binding protein may simultaneously serve several of these functions, and a particular growth factor may interact with different binding proteins.
An example of a family of binding proteins that serve to provide cells with a constant supply of growth factor is the insulin-like growth factor binding proteins (IGFBPs). IGF-BPs were first identified as serum proteins that prolonged the half-life of the insulin-like growth factors (IGFs) (Cohen and Nissley, 1976; Kaufmann et al., 1977) . The IGF-BPs extend the half-life of IGF in vitro and in vivo from a few minutes (for free IGF) to several hours (Cohen and Nissley, 1976; Zapf et al., 1986) . This increase in half-life permits IGF to circulate at levels (-1 ug/ml) two to three orders of magnitude higher than most peptide hormones (Hintz, 1990) . In fact, the concentration of IGF in the bloodstream may depend primarily upon IGF-BP levels rather than the rate of IGF synthesis (Blum et al., 1989b) . The carrier function of IGF-BPs not only affects the availability of IGFs, but may also alter the potency of IGF (Knauer and Smith, 1980; Mottala et al., 1986; Elgin et al., 1987; Bugsby et al., 1988) . In addition, some IGF-BPs contain the amino acid sequence arg-gly-asp (RGD), a motif involved in cell surface protein-protein interactions (Hintz, 1990) . This domain may direct the high molecular weight IGF complex to sites at the cell surface where contact with glycosaminoglycans (GAG) and proteases might mediate the liberation of IGF (Clemmons et al., 1983; Baxter, 1990) .
A second type of binding protein is represented by soluble receptors that bind their respective ligands with specificity and avidity similar to that of the corresponding cell-surface receptors. Soluble receptors have been demonstrated for EGF (Ullrich et al., 1984; Weber et al., 1984) , nerve growth factor (NGF) (Zupan et al., 1989) , tumor necrosis factor (TNF) (Gray et al., 1990; Schall et al., 1990) , interleukins (ILs) 1 (Symons and Duff, 1990) , 2 (Marcon et al., 1988) , 4 (Mosley et al., 1989) , 6 (Novick et al., 1989) , and 7 (Goodwin et al., 1990) , interferongamma (INF--y) (Novick et al., 1989) , IGF-II/mannose-6-phosphate (Bobek et al., 1991) , bFGF (ohnson et al., 1990) , and colony-stimulating factors (CSFs) (Downing et al., 1989; Fukunaga et al., 1990) . These soluble receptors are generated by either enzymatic or genetic mechanisms (Ullrich et al., 1984; Weber et al., 1984; Downing et al., 1989; Mosley et al., 1989; Fukunaga et al., 1990; Johnson et al., 1990; Symons and Duff, 1990) . By competing with cell-associated receptors for ligand binding, soluble growth factor receptors can interfere with growth factor activity (Mosley et al., 1989; Gray et al., 1990; Schall et al., 1990) . Alternatively, soluble receptors may prolong growth factor half-lives as has been demonstrated with other binding proteins. Thus, the modulation of soluble receptor levels may represent an additional mechanism for the regulation of growth factor activity.
In addition to interacting with specific binding proteins, growth factors can complex with certain abundant plasma proteins. For example, alpha2-macroglobulin (a2-M) has been found to associate with nerve growth factor (NGF) (Ronne et al., 1979) , EGF (Ito et al., 1984) , PDGF (Huang et al., 1984) (Borth and Luger, 1989) , bFGF (Dennis et al., 1989), IL-6 (Matsuda et al., 1989) , and TNF (Wollenberg et al., 1991) . Proposed functions for a2-M in regulating growth factor activity include clearance of growth factor from the circulation (LaMarre et al., 1991) , inhibition or stimulation of activity (Bonner et al., 1990; Shi et al., 1990) , protection from proteolytic degradation (Ronne et al., 1979) , and delivery of growth factor to distant sites (McCaffrey et al., 1989) .
Another potential role of binding proteins is to target the growth factor to specific cell or tissue targets. The latent TGF-f binding protein (LTBP) contains 16 EGFlike repeats, an RGD sequence, and a laminin B2 sequence (Kanzaki et al., 1990) ; motifs previously shown to be involved in protein-protein interactions (Ruoslahti and Pierschbacher, 1987; Sasaki and Yamada, 1987; Appella et al., 1988) . LTBP has been shown to participate in the activation of latent TGF-,B1 (Flaumenhaft et al., unpublished data) and might serve to direct the latent high molecular weight TGF-,31 to a cell surface site where mature TGF-,B1 is released from the latent complex via proteolysis .
GROWTH FACTOR PRECURSORS Many growth factors are synthesized as either membrane-bound precursors inserted into the plasma membrane with their growth factor sequences exposed on the extracellular surface or as high molecular weight forms that must be altered to release the active species. An example of a growth factor synthesized as a soluble precursor that must be activated is TGF-i3. Growth factors synthesized as large precursors that remain associated with the plasma membrane include EGF (Gray et al., 1983; Mroczkowski et al., 1989) , TGF-a (Derynck et al., 1984; Lee et al., 1985) , CSF-1 (Stein et al., 1990) , TNF-a (Perez et al., 1990) , kit-ligand (Anderson et al., 1990) , vaccinia virus growth factor (VGF) (Stroobant et al., 1985) , and amphiregulin (Plowman et al., 1990 ). An advantage of this type of restriction on growth factor action is that during processes such as development, hematopoiesis, and cell killing, discrete signaling might occur that requires stimulation of one cell type exclusively by adjacent cells (Perez et al., 1990; Stein et al., 1990) . A diffusible factor would not be appropriate in such cases, whereas the membrane-inserted forms of growth factors would have a very restricted action.
Membrane-anchored growth factors have been shown to be active as transmembrane species and do not need to be released for full activity. For example, transmembrane TGF-a precursors are able to stimulate cell signaling and proliferation through binding to the EGF/TGF-a receptor (Brachman et al., 1989; Wong et al., 1989; Anklesaria et al., 1990) . In addition to stimulating cell signaling, some membrane-anchored growth factors may promote cell-cell adhesion perhaps through EGF-like repeats (TGF-a, Anklesaria et al., 1990) or through other mechanism (kit-ligand, see below). Growth factors synthesized as precursors containing membrane-spanning domains can be solubilized by proteolysis as has been shown for TGF-a (Massague, 1990; Mueller et al., 1990; Pandiella and Massague, 1991) . In addition, alternative splicing may generate both membrane-inserted and diffusible forms of growth factor Flanagan et al., 1991) .
Perhaps, the most striking evidence of a physiological role for membrane-bound growth factors is derived from experiments performed using mice with the steelDickie (Sld) mutation. The Sl gene product is the kitligand , which exists in both soluble and membrane-anchored forms. Although the two forms differ in their cellular localization, they have similar signaling activities. However, the membrane-anchored form of the kit-ligand is able to mediate activities, such as cell-cell adhesion between COS-7 cells and mast cells, that the soluble form cannot (Flanagan et al., 1991) . The supposition that membrane-bound kit-ligand is necessary for normal development is illustrated by mice that are homozygous for a mutant SId gene which encodes exclusively the kit-ligand form that lacks the transmembrane and cytoplasmic domains Flanagan et al., 1991) . This soluble mutant form of kit-ligand is as active as wild type kit-ligand in biological assays and is expressed at similar levels. However, mice with this mutation are anemic, sterile, and have altered pigmentation. Other experiments performed in vitro demonstrate that membrane-anchored kit-ligand supports primordial germ cell growth, whereas soluble kit-ligand does not (Dolci et al., 1991) . Thus, the physiological consequences of the Sld mutation probably reflect the requirement of a membranebound form of kit-ligand in normal development.
An example of growth factors secreted from cells in high molecular weight latent forms are the TGF-,Bs. The TGF-3s are synthesized as precursors that are processed intracellularly into mature TGF-# and a propeptide termed the latency associated peptide (LAP) (Derynck et al., 1985) . Mature TGF-3 and LAP are secreted as an inactive complex termed latent TGF-# and remain associated in the extracellular environment through noncovalent interactions. TGF-# must be released from LAP to bind to its cell surface receptor. LAP regulates TGF-,B activity in cell culture (Gentry and Nash, 1990 ) and in vivo (Wallick et al., 1990) and influences the distribution of TGF-,B in the organism, increasing the halflife of the growth factor 50-fold . Latent TGF-f circulates in plasma at concentrations well above those necessary for TGF-f to elicit biological activity (Danielpour et al., 1989 (Knabbe et al., 1987; Glick et al., 1989; Oreffo et al., 1989; Colletta et al., 1990; Twardzik et al., 1990; Flaumenhaft et al., unpublished data) . Activation of latent TGF-#1 also occurs in homotypic cultures of erythroleukemia cell lines (Piao et al., 1990) (Jullien et al., 1989; Pfeilschifter et al., 1990) . However, it is difficult to conceive of how such a process would be controlled and how the mature growth factor would be released into the extracellular milieu. Activation of latent TGF-31 has also been accomplished by enzymatic alteration of carbohydrate side chains within LAP (Miyazono and Heldin, 1989) suggesting that these residues are important in maintaining latency. A mechanism of activation of latent TGF-#1 that may have broad physiological relevance is that mediated by proteases. Purified plasmin has been demonstrated to cleave latent TGF-,B1 within the LAP releasing active growth factor (Lyons et al., 1988 . Furthermore, inhibitors of plasmin inhibit the activation of latent TGF-#1 observed upon coculturing endothelial and smooth muscle cells (Sato and Rifkin, 1989; Sato et al., 1990) , treatment of endothelial cells with retinoids (Kojima and Rifkin, unpublished data), and treatment of endothelial cells with certain growth factors (Flaumenhaft et al., unpublished data) . Binding of the latent TGF-# complex to mannose-6-phosphate/IGF II cation independent receptors and the latent TGF-,B binding protein also appear to be involved in the activation of latent TGF-,B in cocultures of endothelial and smooth muscle cells (Dennis and Rifkin, 1991; Flaumenhaft et al., unpublished data) .
EXTRACELLULAR MATRIX
A soluble growth factor may interact with a variety of molecules in the extracellular environment other than its cell-surface receptor. For most growth factors the most abundant extracellular binding molecules are components of the extracellular matrix (Ruoslahti and Yamaguchi, 1991) . Some of the growth factors that bind to matrix components are fibroblast growth factors (FGFs), TGF-fl, HB-EGF, PDGF-AL, and hepatocyte growth factor (HGF). Growth factor matrix interactions can alter growth factor potency, retain either active or inactive growth factors in the vicinity of the cell, modify growth factor diffusion properties, increase growth factor stability, and protect growth factors from proteolytic degradation. An example of the effect of matrix on growth factor potency is observed with aFGF whose mitogenic activity is 20-to 100-fold greater in the presence of heparin than in its absence (Thorton et al., 1983) . In addition, growth factor interaction with matrix molecules may be required for the binding of the growth factor to its receptor as has been described for the interaction of bFGF and heparan sulfate with the FGF receptor (Rapraeger et al., 1991; Yayon et al., 1991) . In contrast, TGF-,B1 activity is inhibited by interaction with the proteoglycans decorin or biglycan (Yamaguchi et al., 1990) . This inhibition is of particular significance because TGF-,31 induces the expression of these small proteoglycans in certain cells (Okuda et al., 1990) . Thus, TGF-31 activity may be controlled by a negative feedback system in which the induction of decorin and/or biglycan synthesis by TGF-l31 increases the expression of molecules that inhibit further TGF-,31 activity. The ability of the extracellular matrix to function as a slow release reservoir for growth factors, as has been shown for bFGF, may explain how a molecule released over a short period of time can stimulate processes, such as angiogenesis, that take days or weeks (Flaumenhaft et al., 1989) . Sim-ilarly, the binding of TGF-1l to the heparan and chondroitin sulfate proteoglycan, betaglycan, may concentrate TGF-f at the cell surface for presentation to high affinity receptors or aid in the clearance of TGF-3 (Andres et al., 1989) . The potential importance of compartmentilization of growth factor activity via interaction with matrix has also been suggested for growth factors involved in bone maintenance (Hauschka et al., 1988) , hematopoiesis (Gordon et al., 1988; Roberts et al., 1988) , and lymphopoiesis (Kimura et al., 1991) . The interaction of growth factors with matrix molecules can also affect the diffusion of the growth factor. This has been shown in vitro with bFGF where interaction with soluble glycosaminoglycans or proteoglycans may neutralize the charge of the basic growth factor. This permits the growth factor to partition into the mobile aqueous phase rather than the insoluble matrix. The complex of growth factor and GAG, even though it is larger than the free growth factor, can then diffuse further than the free growth factor (Flaumenhaft et al., 1990) . The interaction of growth factors with matrix molecules can also stabilize the growth factor. For example, heparin protects aFGF and bFGF from inactivation by heat or acid (Gospodarowicz and Cheng, 1986) and proteases (Rosengart et al., 1988; Saksela et al., 1988; Sommer and Rifkin, 1989) . The half-life of aFGF is increased 100-fold in the presence of heparin (Damon et al., 1989; Ortega et al., 1991) .
Growth factors that associate with matrix can often be isolated in both diffusible and matrix-bound forms. These different forms of growth factor can be generated by proteolytic processing and/or alternative splicing. PDGF-A occurs in two forms that arise from alternative splicing of exon 6 yielding PDGF-AL, which is primarily cell-associated, or PDGF-As, which is secreted (Betsholtz et al., 1986; Raines and Ross, 1992 ). The C-terminal extension encoded by exon 6 contains a stretch of basic amino acids that confers matrix-binding properties on PDGF-B and PDGF-AL (Robbins et al., 1985; LaRochelle et al., 1991) through interaction with heparan sulfate proteoglycans in the extracellular matrix (Raines and Ross, 1992) . PDGF-AL found in conditioned medium probably derives from proteolysis of the retention sequence of the growth factor because inhibition of proteolytic processing prevents the release of PDGF-AL into culture medium (LaRochelle et al., 1991) . Al- ternative splicing also effects the cellular localization of differentiating inhibitory activity (Rathjen et al., 1990) , vascular endothelial growth factor (via alternative splicing of a basic amino acid motif similar to exon 6 of PDGF) (Leung et al., 1989; Betsholtz et al., 1990), and int-1 (van Ooyen et al., 1984; Papkoff and Schryver, 1990 ).
An additional mechanism by which both matrixbound and diffusible forms of growth factor can be produced is by solubilization of growth factor-binding matrix components. For example, bFGF binds avidly to heparan sulfate proteoglycans in the extracellular matrix. This retention of bFGF in the matrix permits longterm stimulation of target cells after brief exposure to the growth factor (Flaumenhaft et al., 1989) . However, bFGF bound to heparan sulfates may remain associated with the cell surface only temporarily because heparan sulfates are released spontaneously from the matrix and cell surface. Furthermore, the release of bFGF-heparan sulfate complexes from the extracellular matrix can be mediated by agents (growth factors) that control pericellular protease (Saksela and Rifkin, 1990) or phospholipase activity (Brunner et al., 1991) . The masking of heparin-binding sites of bFGF by soluble heparan sulfate prevents bFGF from rebinding to insoluble heparan sulfate proteoglycans (Flaumenhaft et al., 1990) . Because the bFGF-heparan sulfate complex maintains the same biological potency as bFGF (Moscatelli, 1987; Saksela et al., 1988) , this complex functions as a diffusible form of active bFGF. Thus, diffusible forms of growth factor can be generated by solubilization of the insoluble extracellular components to which they are bound.
CONCLUDING REMARKS Growth factors have been likened to symbols of an intercellular language (Sporn and Roberts, 1990) . Investigators are beginning to appreciate, however, that these proteinaceous messages are not simply released into the extracellular environment to passively interact with cell surface receptors. We suggest that most growth factors are endowed with structures that direct the timing and localization of their activity in the extracellular environment. These structures can maintain growth factors in particular compartments (e.g., binding of bFGF to matrix through its heparin-binding domain or EGF to plasma membrane through its transmembrane domain), confer protease sensitivity on growth factors (e.g., the ala-ala-ala t val-val cleavage site of TGF-a) (Pandiella and Massague, 1991) , render the factors unstable (e.g., free cysteines of aFGF) or latent (e.g. LAP of latent TGF-1), and target growth factors to nonreceptor surface proteins (e.g. RGD of IGF-BP and EGF-like domains of LTBP). Thus, the extracellular activity of growth factors is not dictated simply by laws of passive diffusion; rather, their activities are regulated by motifs within their structures.
Understanding the information within these motifs is becoming an important dimension of growth factor research. Although much work in understanding growth factor regulation has been accomplished in recent years with regard to the transcriptional control of growth factor expression, the studies described in this review and elsewhere (Nathan and Sporn, 1991) suggest that regulation of growth factor activity cannot be understood solely at the level of expression. For example, it is our opinion that an increase in the expression of a latent growth factor, such as latent TGF-#, is not likely to impact directly on cell function because the latent factor is already present in plasma at a concentration above that necessary to elicit maximal biological activity. In contrast, an increase in the ability of the cell to release the active growth factor from its precursor is likely to have profound consequences on cellular physiology. Similarly, an active factor may be expressed but only perform its function if associated with a particular cellular compartment (e.g., membrane-bound macrophage growth factor [MGF]) or with a particular accessory molecule (e.g., bFGF associated with heparin). To understand how growth factor action is regulated in the extracellular environment, we must understand the structural code that conveys the regulatory information.
Unraveling the structural code that determines the localization and duration of growth factor activity will involve determination of 1) the specificity of motifs within growth factors that direct factor to particular extracellular locations (which motifs interact with which extracellular components), 2) the structural features that affect the stability and protease sensitivity of growth factors, 3) the functional significance of structures within growth factors that interact with nonreceptor extracellular molecules (are they necessary for receptor recognition? are they required to increase local concentrations? do they mediate adhesion?), and 4) the potential regional variations in extracellular effectors of growth factor action. Such information will provide us with a clearer understanding of how growth factors act in complex environments and may enable us to manipulate effectively the activities of these potent regulators of cell function.
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